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Available online 3 May 2012Abstract—The eﬀect of Co and Ni substitutions for Fe on the magnetocaloric properties of MnFe(P,Ge) compounds crystallizing in
the hexagonal Fe2P type of structure was studied. It was found that, by changing composition, a small thermal hysteresis and a giant
magnetocaloric eﬀect can be obtained simultaneously in MnFe(P,Ge) compounds when the magnetic transition is controlled to be
close to the border separating the ﬁrst- and second-order transition regimes.
 2012 Acta Materialia Inc. Published by Elsevier Ltd.
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Open access under CC BY-NC-ND license.Magnetocaloric refrigeration and power generation
are totally new technologies, which employ very eﬃcient
coupling between spin degrees of freedom with the pho-
nonic degrees of freedom in a solid. In combination with
the ﬁeld generated by a permanent magnet, this opens
the way to very energy eﬃcient heat pumps and electric
power generation [1–3]. As an additional environmental
advantage of this technology, one should consider that
these heat pumps do not use (ozone depleting or green-
house) gases, but employ a solid as the working mate-
rial, which adds ease of recycling. Until recently,
research on magnetocaloric materials was concentrated
on rare-earth-containing alloys [4]. However, a serious
drawback of these materials is the ever increasing high
price and the limited availability of rare-earth-based
magnetic material.
Giant magnetocaloric eﬀects are observed in materials
that undergo a ﬁrst-order magnetic transition (FOMT),
because the FOMT is associated with an abrupt change
in crystallographic lattice which enhances magnetocalo-
ric eﬀects (MCE) via a spin–lattice coupling. This study
distinguishes two types of FOMT: either a ﬁrst-order
magneto-structural transition, which exhibits a structure
change coupled with a magnetic transition as observed
for Gd5(GexSi1x)4 and Ni0.50Mn0.50xSnx [5,6]; or
ﬁrst-order magneto-elastic transition (FOMET) for1359-6462  2012 Acta Materialia Inc. Published by Elsevier Ltd.
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Open accewhich the crystallographic structure remains unchanged,
but the lattice constants suddenly change at the magnetic
transition, as observed for MnFeP1xAsx and
La(Fe1xSix)13 [7,8]. Both types of FOMT are accompa-
nied by thermal hysteresis, which is generally associated
with ﬁrst-order transitions. However, for a FOMET one
may expect that the phase transition can be modiﬁed to
become almost of second order and subsequently loses
the hysteretic character. This paper reports on a study
of the eﬀect of element substitution on the hysteretic
behavior and the resulting MCE.
MnFeP1xAsx displays very promising magnetocalo-
ric properties with limited thermal hysteresis of 2 K
and an operating temperature tunable from 220 K to
340 K by changing the As content [9]. However, the
toxic ingredient As hampers the application of this
material in household appliances. On replacing the As
in MnFeP1xAsx with Ge or Si, it was found that the
thermal hysteresis in both MnFeP1xGex and
MnFeP1xSix is strongly enhanced to 20 K and 40 K,
respectively [10,11]. This makes these materials unsuit-
able for fast-cycling heat pumps. However, the magnetic
moments in the latter compounds are larger than in
MnFeP1xAsx, which bears the promise of yet a larger
MCE. The present authors therefore started an attempt
to reduce the thermal hysteresis back to reasonable val-
ues by substitutions on the transition-metal sublattice
and, in particular, by substituting Co or Ni for Fe.
The eﬀect of Co doping on the MnFe(P,Ge) com-
pounds was ﬁrst studied on a series of samples with ﬁxedss under CC BY-NC-ND license.
Figure 1. Temperature dependence of the magnetization measured in a
magnetic ﬁeld l0H = 0.5 T of MnFe1xCoxP0.78Ge0.22 (x = 0.00, 0.04,
0.08, 0.14, 0.20) compounds.
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dependence of the magnetization of the
MnFe1xCoxP0.78Ge0.22 alloys with diﬀerent Co concen-
trations: x = 0.00, 0.04, 0.08, 0.14 and 0.20. In these
materials, replacement of Fe by Co atoms at the
low-moment 3f site in the MnFe1xCoxP0.78Ge0.22
compounds leads to a reduction in Curie temperature
(TC). Note that, for other intermetallic compounds
containing Co, TC is usually found to increase with
increasing Co content. Simultaneously, DThys is tunable
to very small values while maintaining sharp magnetic
transitions at TC. The variation in lattice parameters
obtained from X-ray diﬀraction measurements at room
temperature is presented in Table 1 for samples with dif-
ferent Co content. A big diﬀerence is observed in a- and
c-axis lattice parameters between the sample in the ferro-
magnetic phase (x = 0.00) and the samples in the para-
magnetic phase (xP 0.02). Additionally, it is found
that the increase in Co concentration leads to an in-
crease in the lattice parameter ratio c/a (see Table 1).
Table 1 also lists the variations in the ordering temper-
ature TC, thermal hysteresis DThys, maximal isothermalTable 1. Variations of the lattice parameters at room temperature, critica
magnetic entropy change (DSM,max) under a ﬁeld change DB = 0–2 T. Also l
MnFe1xCoxP1yGey compounds.
Compounds a (A˚) c (A˚) c/a TC (K)
MnFe1xCoxP0.78Ge0.22
x = 0.00 6.153 3.369 0.548 323
x = 0.02 6.070 3.450 0.568 302
x = 0.04 6.068 3.453 0.569 296
x = 0.06 6.073 3.451 0.568 294
x = 0.08 6.061 3.457 0.570 268
x = 0.10 6.060 3.461 0.571 266
x = 0.12 6.060 3.461 0.571 260
x = 0.14 6.040 3.470 0.575 218
x = 0.18 6.059 3.464 0.572 206
x = 0.20 6.048 3.471 0.574 176
MnFe1xCoxP1yGey
x = 0.14, y = 0.22 6.040 3.470 0.575 218
x = 0.14, y = 0.24 6.053 3.467 0.573 246
x = 0.12, y = 0.24 6.066 3.459 0.570 264
x = 0.12, y = 0.26 6.105 3.423 0.561 300magnetic entropy change DSM, and saturation magnetic
moment (MS) with respect to the Co concentration of the
MnFe1xCoxP0.78Ge0.22 compounds.
Co atoms are substituted for Fe atoms at the low-mo-
ment 3f site. Therefore, the MS value determined at
T = 5 K is slightly reduced from 3.98 lB per formula unit
for the x = 0 sample to 3.82 lB per formula unit for the
sample with x = 0.20. As also shown in Table 1, these
compounds exhibit a large MCE at low operation ﬁelds
of DB = 0–2 T. The maximum DSM can rise up to
34 J kg1 K1 for the x = 0.04 sample. For the sample
with x = 0.14, a large DSM of 15 J kg1 K1 and very
small thermal hysteresis (DThys  1 K) are obtained
simultaneously. When Co content is further increased to
x = 0.20, the thermal hysteresis hardly changes, and the
MCE is retained at about 8 J kg1 K1 for DB = 0–
2 T. Actually, an increase in the Co content in the
MnFe1xCoxP0.78Ge0.22 compounds shows an eﬀect sim-
ilar to that found on increasing the Mn/Fe ratio in the
MnFe(P,Ge) compounds [12]. Here, the weakened ﬁrst-
order character of the magnetic phase transition results
in the lowering of both theMCEmagnitude and the ther-
mal hysteresis. However, concerning the working temper-
ature, the Co-substitution in the MnFe1xCoxP0.78Ge0.22
compound brings the TC value to quite far below room
temperature compared with the case of Mn substituting
Fe [12].
It is well established that TC of the MnFe(P,Ge) com-
pounds is linearly increased with increasing Ge content.
One therefore expects the same behavior for TC of the
Co-doped MnFe(P,Ge) compounds with a certain Co
concentration. Shown in Figure 2 are the isoﬁeld magne-
tization curves for several samples with diﬀerent Co and
Ge concentrations, which can be compared with the
curve of a sample without Co (x = 0.00, y = 0.22) shown
in Figure 1. Most important is the fact that, by varying
both the Co and the Ge content, the TC value can be
tuned over a large range of working temperatures,
including room temperature, while keeping a very small
thermal hysteresis. The sharp magnetic transitions from
the paramagnetic to the ferromagnetic state observed inl temperature (TC), thermal hysteresis (DThys), maximal isothermal
isted are the saturation magnetic moments (MS) measured at 5 K of the
DThys (K) (J kg
1K1) DSM,max MS (lB/f.u.)
20 30 3.98
17 26 3.98
14 34 3.91
8 20 3.92
5 23 3.91
4 26 3.93
4 17 3.88
1 15 3.85
1 9 3.83
1 8 3.82
1 15 3.85
1 14 3.88
1 13 4.02
2 11 4.00
Figure 2. Temperature dependence of the magnetization measured in a
magnetic ﬁeld B = 0.5 T of the MnFe1xCoxP1yGey alloys.
Figure 3. Isothermal magnetization curves of the MnFe0.88-
Co0.12P0.76Ge0.24 sample measured in the vicinity of TC with increasing
and decreasing magnetic ﬁeld up to 5 T.
Figure 4. Magnetic entropy change under ﬁeld changes of DB = 0–1 T
(lower curves) and DB = 0–2 T (upper curves) for the MnFe1x-
CoxP1yGey compounds.
Figure 5. (a) Temperature dependence of the magnetization measured
in a magnetic ﬁeld B = 0.5 T of the MnFe1xNixP1yGey compounds
and (b) their corresponding magnetic entropy change (DSM) under
ﬁeld changes of DB = 0–1 T (lower curves) and DB = 0–2 T (upper
curves).
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dominant rather than a second-order phase transition.
Plotted in Figure 3 are the isothermal magnetization
loops measured in the vicinity of TC for the alloy with
(x = 0.12, y = 0.24) as a typical example. A magnetic
ﬁeld-induced transition is obvious and is accompanied
by very small magnetic hysteresis between the increasing
and decreasing ﬁeld processes. This implies that the ﬁrst-
order transition characteristic is maintained when Fe is
replaced by some Co. The corresponding DSM values
calculated for a ﬁeld change of 1 T and 2 T for several
MnFe1xCoxP1yGey compounds are shown in Figure
4. The corresponding values of the lattice parameters a
and c, TC, DThys and MS are listed in Table 1; note that
the alloy with x = 0.12 and y = 0.26 is ferromagnetic at
RT.
Replacement of Fe by Co or Mn results in quite dif-
ferent behavior. Figure 5a displays the isoﬁeld magneti-
zation curves of the MnFe1xNixP1yGey compounds
for some selected samples with diﬀerent Ni and Ge
concentration. Similar to the Co-doped samples, all
Ni-doped samples reveal very small thermal hysteresis
(DThys  1–2 K), and TC can be controlled in the tem-
perature range between 205 K and 315 K. Note that
the Ni concentrations are much lower than the amount
of Co needed to reach a similar reduction in hysteresis.
The calculation of DSM indicates that these materialsexhibit giant MCE under low operation ﬁeld changes
of 1 T and 2 T (see Fig. 5b).
Apparently, by varying the Ni and/or the Ge content,
whenever the ﬁrst-order magnetic transition is brought
to be close to the second-order regime, one can simulta-
neously observe a small DThys and a large MCE. As the
magnetic and magnetocaloric properties appear to be
very sensitive to the local environment of the magnetic
ions, one expects that the structural and magnetocaloric
properties of these materials can be further improved
using the melt-spinning technique for sample prepara-
tion, as previously shown for MnFe(P,Ge) compounds
[12].
Figure 6. Isothermal magnetization curves of the MnFe1xNixP1yGey
samples with (x = 0.00, y = 0.22) and (x = 0.08, y = 0.26) measured in
vicinity of TC with increasing and decreasing magnetic ﬁeld up to 5 T.
E. Bru¨ck et al. / Scripta Materialia 67 (2012) 590–593 593Figure 6 shows that very diﬀerent magnetic behavior
is observed for the alloy with 0.08 at.% Ni and 0.26 at.%
Ge in comparison with that of the Ni-free alloy. While
the isothermal magnetization curves of the latter clearly
show the magnetic ﬁeld induced transition with very
large magnetic hysteresis, the magnetization curves of
the former are almost reversible. In this sample, the
ﬁeld-induced transition behavior is much less pro-
nounced. This indicates that the ﬁrst-order character
of the magnetic transition can be considerably weakened
by substituting Ni for Fe, which is quite diﬀerent from
the case of Co substitution.
In conclusion, by changing compositions and anneal-
ing conditions, a small DThys and a large MCE were
simultaneously obtained in the MnFe(P,Ge) compounds
when the magnetic transition was controlled to be close
to the border separating the ﬁrst- and second-order tran-
sition regimes. Therefore, modiﬁcation in chemical com-
position can play a very important role when searchingfor advanced materials that can be used for magnetic
refrigerators operating at room temperature. The com-
bination of several of these materials in a multi-material
active magnetic regenerator oﬀers the possibility to en-
large the temperature span and to produce a higher
cooling power [13].
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